Renal cell carcinoma (RCC) is the second most common human urinary tumor. Eupatilin is the main active ingredient of the traditional Chinese medicine Artemisia asiatica. The effect of Eupatilin on RCC and the underlying mechanism remain unknown. Here, we investigated the anticancer effects and mechanisms of Eupatilin in RCC in vivo and in vitro, laying an experimental foundation for the clinical application of Eupatilin in the treatment of RCC. The results showed that Eupatilin significantly inhibited 786-O cell viability and migration and promoted apoptosis. Eupatilin inhibited the expression of miR-21 in 786-O cells, and overexpression of miR-21 suppressed the effect of Eupatilin on viability, apoptosis, and migration in 786-O cells. Eupatilin inhibited the growth of renal tumors in nude mice by downregulating miR-21. YAP1, which was identified as a target of miR-21, showed significantly lower expression in RCC tissues than in healthy tissues. miR-21 significantly inhibited YAP1 protein expression in 786-O cells and tumor tissues isolated from nude mice, and YAP1 attenuated the effect of miR-21 on the viability, apoptosis, and migration of 786-O cells. In conclusion, Eupatilin inhibited the expression of miR-21, which mediated the proapoptotic and antimigratory effects of Eupatilin by suppressing YAP1 in renal cancer cells. These results suggested that Eupatilin could be a potent agent for the treatment of RCC.
Introduction
Renal cell carcinoma (RCC), also known as renal adenocarcinoma or renal cancer, is a malignant tumor that originates in the urinary tubule epithelial system of the renal parenchyma. RCC includes various renal cell carcinoma subtypes originating in different parts of the urinary tubule, whereas it does not include tumors derived from the renal interstitial and epithelial systems [1] . Renal cancer accounts for approximately 90% of all primary renal malignancies and is a common urological tumor. RCC is the second most common human urinary tumor and one of the most common malignancies worldwide. The incidence rate of RCC increases yearly, and RCC has become a major disease that seriously threatens human health [2] . Renal cancer itself is a multi-gene-related tumor, the pathogenesis of which is extremely complex, and the molecular biological basis of disease progression remains to be elucidated [3] . In addition to tissue resection, drug therapy plays an important role in controlling RCC development and preventing metastasis. Under the background of internationalization of new drug development for the treatment of renal cancer, many effective chemically synthesized drugs have been identified; however, the toxic effects of these agents on normal cells cannot be ignored, and their use is limited by the patient's physical condition [4] . The use of natural medicine ingredients to treat diseases not only reduces production costs but also reduces toxicity to the human body. In addition, the development of new medicinal ingredients contributes to overcoming the multidrug resistance (MDR) phenomenon associated with the clinical treatment of tumors [5] . Improving our understanding of the mechanisms underlying the effects of 2 BioMed Research International natural medicines such as traditional Chinese medicine could be useful for the synthesis of drugs with low toxicity [6] . Compared with the exploration of new substances, the use of natural medicines is associated with greater cost-effectiveness and improved resource allocation.
Eupatilin is an O-methyl-flavonoid with the molecular formula C 18 H 16 O 7 . It is an important flavonoid and an active ingredient of the leaves of Ai Ye, a traditional Chinese medicine [7] . The role of this natural substance in the treatment of human diseases has been investigated extensively [8] [9] [10] . Studies show that Eupatilin has a therapeutic effect on endometrial cancer and can inhibit the proliferation of human endometrial cancer cells by upregulating the expression of P21 and inducing G2/M cell cycle arrest [11] . However, there is little research on Eupatilin in renal cancer. Previous work from our group showed that Eupatilin inhibits the proliferation of renal cancer cells, although the underlying mechanism in RCC remains unclear [12] .
In the present study, we showed that Eupatilin inhibited cell proliferation and migration and promoted apoptosis in association with the downregulation of miR-21 in 786-O cells and in renal tissues of patients with RCC. A molecular biology approach was used to investigate the relationship between RCC cell apoptosis induced by Eupatilin and the miR-21-yesassociated protein 1 (YAP1) signaling axis. The miR-21-YAP1 signaling axis regulated by Eupatilin may become a new therapeutic target in RCC, providing new ideas for traditional Chinese medicine and targeted therapy in RCC.
Materials and Methods

Cell Culture and Treatment.
Human renal cancer 786-O cells were obtained from Shanghai Cell Institute Country Cell Bank (Shanghai, China). 786-O cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS) (Gibson/BRL, MD, USA), 100 U/mL penicillin G, and 100 g/mL streptomycin (Sigma-Aldrich Corp., St. Louis, MO, USA). Cells were maintained at 37 ∘ C in a humidified 5% CO 2 incubator. For Eupatilin (Sigma, USA) treatment, cells were treated with different concentrations of Eupatilin (5, 10, and 20 mM) for 24 h.
Cell Transfection.
The cell transfection was performed as described by Yang et al. [13] . miR-NC and miR-21 mimics were obtained from Gene Pharma Co. Ltd (China). For transfection, 786-O cells were transfected with 50 pmol/mL miR-21 mimics or miR-NC using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. For YAP1 functional assays, a YAP1 expression vector was generated by cloning the open reading frame of the YAP1 gene into the pcDNA3.1 vector, and pcDNA3.1-YAP1 plasmids lacking the 3 untranslated region (3 -UTR) were cotransfected with miR-21 mimics into cells.
Tumorigenicity Assays in Nude
Mice. Six-week-old male BALB/c athymic nude mice were subcutaneously injected in the right armpit region with 1.5 × 10 6 cells in 0.1 mL PBS. Three groups of mice (n = 6/group) were tested. Group 1 (Control) and group 2 (Eupatilin) were injected with 786-O cells infected with negative control miRNA; group 3 (Eupatilin+miR-21) was injected with 786-O cells infected with miR-21 mimics. When tumors were established (at 1-2 weeks), mice in groups 2 and 3 were injected with Eupatilin (10 mg/kg) every 7 days. Mice in group 1 received intramuscular injections of PBS as a control. Tumor size was measured every 7 days with calipers, and tumor volume was calculated using the following formula: (L × W2)/2, where L is the length and W is the width of the tumor. Mice were killed at 4 weeks, and tumor weight was measured. All experimental procedures involving animals were performed in accordance with the Guide for the Care and Use of Laboratory Animals (NIH publication no. 80-23, revised 1996) and according to the Institutional Ethical Committee of Animal Care in Sun Yat-sen University.
Cell Viability Assay.
Cell processing and viability assays are as described in our previous article [12] . The cells were seeded into 96-well plates at a density of 5 × 10 3 cells per well and treated with various concentrations of Eupatilin (5, 10, and 20 mM). After the cells were treated with Eupatilin for 24h, 10 L of CCK-8 reagent was added and incubated for 2 h at 37 ∘ C. The optical density (OD 450) value was read. The viability rate of cells was calculated as the OD values of treated groups/the OD values of the control group × 100%.
Apoptosis Assay.
The cell apoptosis assay was performed as described by Yang et al. [13] . The cells treated with Eupatilin were washed and resuspended in detection buffer. The cells were then incubated with 10 L of Annexin V-FITC and 5 L of PI dye solution for 8 min at room temperature in the dark. The apoptosis rate was measured by flow cytometry.
Western
Blotting. Cells were lysed on ice in lysis buffer (Beyotime, China) supplemented with protease and phosphatase inhibitors (Roche, USA) and 1 mM PMSF (Sigma, USA) and centrifuged at 12000 rpm for 30 min at 4 ∘ C. Proteins were separated by 10-12% SDS-PAGE and transferred to PVDF membranes. After blocking in 5% nonfat milk, the membranes were incubated with primary antibodies against YAP1 (Abcam, USA) and tubulin (Abcam) diluted at 1:1000, followed by washing in TBST and incubation with goat anti-rabbit HRP-conjugated secondary antibodies (1:5000) at room temperature for 1 h. Protein bands were visualized with enhanced chemiluminescence reagents (Pierce, USA).
2.7.
Transwell Assays. The cell migration assay was performed as described by Wang et al. [14] . Briefly, 2 × 10 4 786-O cells were seeded into the upper chamber of the Transwell filter. DMEM complete medium (10% FBS) containing Eupatilin was added to the lower culture plate. After incubation for 24 h, the invaded cells were fixed and stained with crystal violet dye solution. Photographs of five randomly selected fields of the fixed cells were taken and cells were counted under an inverted light microscope (Leica, Germany).
Quantitative Real-Time PCR (QRT-PCR).
The qRT-PCR assay was performed as described by Hang et al. [15] . Total 
Statistical Analysis.
Data are expressed as the mean ± SEM unless otherwise noted. The two-tailed Student's ttest was used to analyze the differences between two groups for cells and nonparametric tests were used to analyze the differences between two groups for tissues. A P value <0.05 was considered statistically significant.
Results
Effect of Eupatilin on RCC Cell Proliferation, Apoptosis, and Migration In Vitro.
Previous work from our group showed that Eupatilin inhibits the proliferation of renal cancer cells [12] . To confirm this finding, we examined the effect of Eupatilin on proliferation, apoptosis, and migration of renal cancer cells. The molecular structure of Eupatilin is shown in Figure 1 , the number of cells invading across the polycarbonate membrane was significantly higher in the Eupatilin-treated group than in the control group (P < 0.05). These results confirm that Eupatilin inhibits RCC progression in vitro. The effect of Eupatilin on miR-21 in RCC was examined by qRT-PCR detection of miR-21 expression in Eupatilin-treated 786-O cells, which showed that Eupatilin significantly downregulated miR-21 in a concentration-dependent manner (P < 0.05) (Figure 2(c) ). These results indicate that the inhibitory effect of Eupatilin on the growth of RCC may be related to the downregulation of miR-21 expression.
Eupatilin Inhibits miR-21 Expression in Renal Cancer
miR-21 Overexpression Suppresses Eupatilin-Induced Apoptosis and Migration Inhibition in RCC Cells In Vitro.
To determine whether miR-21 downregulation was involved in Eupatilin-induced apoptosis in renal cancer cells, miR-21 was overexpressed by mimic transfection, and apoptosis and migration were measured. qRT-PCR analysis showed that miR-21 was significantly upregulated in the miR-21 mimics group compared with the control (miR-NC) group (Figures 3(a) 
miR-21 Overexpression Suppresses Eupatilin-Induced Growth Inhibition in RCC In
Vivo. The effect of Eupatilin on cell growth in vitro was examined in an in vivo model system established by injecting miR-21-overexpressing or negative control 786-O cells into nude mice subcutaneously. In mice treated with Eupatilin, tumor proliferation was inhibited and tumor volume was significantly smaller than that in the control group. These results indicate that Eupatilin can inhibit the growth of renal cancer cells in vivo. In mice with miR-21 overexpressing tumors, Eupatilin treatment promoted proliferation and tumor volume was significantly greater than that in the control group treated with Eupatilin (P < 0.01) (Figure 4 ). These results indicate that miR-21 suppressed Eupatilin-induced tumor growth inhibition in nude mice.
YAP1 Is a Direct Target of miR-21 in Renal Cancer
Cells. To elucidate the mechanisms by which miR-21 inhibited tumor growth, the online program TargetScan was used to predict miR-21 targets. The putative miR-21 binding site was identified within the 3 -UTR of YAP1 mRNA by TargetScan analysis ( Figure 5(a) ). To test the direct binding of miR-21 to this site, wild-type or mutant full-length YAP1 3 -UTR luciferase reporter constructs were generated and cotransfected with miR-21 mimics into 786-O cells. Luciferase activity was significantly inhibited by miR-21 mimics in 786-O cells transfected with wild-type YAP1 constructs compared with that in controls, indicating that miR-21 can directly interact with the 3 -UTR of YAP1 mRNA ( Figure 5 
Potential Role of the YAP1-AKT Signaling Pathway in Eupatilin-Induced miR-21 Downregulation In Vitro.
To confirm the role of YAP1 in RCC, YAP1 protein expression was assessed by immunohistochemistry, which showed that YAP1 protein levels were significantly lower in RCC tissues than in healthy tissues ( Figure 6(a) ). In addition, the expression of p-AKT was significantly higher in RCC tissues than in healthy tissues. To confirm that YAP1 was involved in the effect of miR-21 on promoting renal cancer cell growth, we investigated whether exogenous expression of YAP1 affected the phosphorylation of AKT and the effects of miR-21 in 786-O cells. Cells were infected with negative control lentivirus (control), miR-21 mimics (miR-21), or miR-21 plus YAP1 (miR-21+YAP1), and apoptosis and migration were assessed after Eupatilin treatment. Western blot analysis showed that YAP1 expression was significantly lower, whereas p-AKT was significantly higher in the miR-21 group than in the miR-NC group. YAP1 protein expression was significantly higher, whereas p-AKT was significantly lower in the miR-21 + YAP1 group than in the miR-21 group (Figures 6(b) and 6(c)). Cells infected with miR-21 mimics alone showed reduced apoptosis rates, as determined by flow cytometry; however, coinfection with YAP1 lentivirus reversed this effect (Figures 6(d) and 6(e)). Similar results were observed in Transwell assays, in which cells infected with miR-21 mimics showed increased migration ability, and coinfection with YAP1 lentivirus reversed this effect (Figures 6(f) and 6(g)). These results confirm the hypothesis that exogenous expression of YAP1 affects the phosphorylation of AKT and compromises the effects of miR-21 in 786-O cells.
Discussion
Renal cancer accounts for approximately 90% of all primary malignant renal tumors and ranks second among human urinary system tumors. Epidemiological studies show that the incidence of renal cancer increases yearly, and RCC has become a major threat to human health [16] . Therefore, identifying natural medicines with therapeutic efficacy is an important research topic. In the present study, Eupatilin suppressed the proliferation of renal cancer cells in vitro and in vivo. Eupatilin downregulated miR-21 and suppressed the expression of YAP1, ultimately leading to cell apoptosis of renal cancer cells. Increased expression of miR-21 inhibits apoptosis in renal cancer cells, encountering the proapoptotic effect of Eupatilin. Overall, the present findings demonstrated that Eupatilin has a proapoptotic effect on renal cancer cells, and the contribution of miR-21 to this biological process was elucidated. These results suggested that Eupatilin could be a new therapeutic agent for the treatment of renal cancer.
Eupatilin is an O-methyl-flavonoid and its molecular formula is C 18 H 16 O 7 . It is an important flavonoid active ingredient of the Artemisia asiatica (Compositae). It is commonly used to treat acid-base imbalances in the body [17] . Eupatilin has an inhibitory effect on a variety of tumors. Eupatilin induces apoptosis of osteosarcoma U-2OS cells through mitochondrial endogenous pathways and inhibits the proliferation of osteosarcoma cells [18] . Eupatilin has a significant therapeutic effect on gastric cancer, and it inhibits the growth of gastric cancer cells by blocking STAT3-mediated vascular endothelial growth factor expression [19] . Eupatilin decreases nuclear factor B activity and inhibits the invasion and proliferation of human gastric cancer MKN-1 cells [20] . However, there is little research on Eupatilin in renal cancer, and the mechanism of action in RCC remains unclear. The present results confirmed the anticancer role of Eupatilin in vitro and in vivo by showing that Eupatilin suppressed renal cancer cell growth by modulating miR-21 and YAP1 expression. Clinical studies show that changes in tumor cell migration and invasion directly affect the process of tumor metastasis [21] [22] [23] . Therefore, identifying key drugs and molecular miR-21 is located on chromosome 17q23. 2 and has an autonomous transcription unit. miR-21 is one of the first studied miRNAs and regulates the expression of various tumor suppressor genes [24] [25] [26] . In the present study, qRT-PCR analysis showed that miR-21 is overexpressed in RCC, which is consistent with previous reports. To examine the role of miR-21 in the Eupatilin-mediated regulation of proliferation, apoptosis, and migration of renal cancer cells, we assessed the effect of different concentrations of Eupatilin on miR-21 expression by Q-PCR, which showed that Eupatilin significantly downregulated miR-21. Assessment of the effect of miR-21 on renal cancer cells showed that miR-21 overexpression significantly inhibited the apoptosis and antimigration effects of Eupatilin in 786-O cells. In nude mice, miR-21 overexpression significantly suppressed the inhibitory effect of Eupatilin on the tumorigenicity of renal cancer cells in vivo. Therefore, Eupatilin inhibited miR-21 expression, promoted apoptosis, and inhibited the migration of renal cancer cells. The inhibitory function of miRNAs is mediated by binding to the 3 -UTR of target genes, which results in mRNA degradation [27] . Here, we identified YAP1 as a direct target of miR-21. We showed evidences that miR-21 reduced the protein expression of YAP1 and miR-21 directly binds to the 3 -UTR of YAP1. The YAP1 gene is located on chromosome 11q13. YAP has two alternative spliceosomes: YAP1 and YAP2 [28] . YAP1 expression is tissue-specific and it plays different roles in the development of different tumors [29] [30] [31] . YAP1 is a transcriptional coactivator that specifically binds to the transcription factors of oncogenes or tumor suppressor genes, thereby exerting cancer-promoting or tumor-suppressing effects [32] . YAP1 can inhibit the AKT pathway and suppress the growth of thyroid carcinoma cells [33] . In the present study, YAP1 overexpression inhibited the phosphorylation of AKT and reduced the effect of miR-21 on renal cell apoptosis and migration, supporting the hypothesis that Eupatilin inhibits the expression of miR-21 in renal cancer cells and that miR-21 regulates apoptosis and migration in RCC by targeting YAP1. The present study is the first to demonstrate that Eupatilin exerts proapoptotic and antimigratory effects on renal cancer cells via the miR-21/YAP1 signaling axis.
Conclusions
Eupatilin inhibited the expression of miR-21 via YAP1-AKT pathway in renal cancer cells. The data provide a better understanding of the molecular mechanism underlying the anticancer activity of Eupatilin in renal cancer cells and suggest that Eupatilin could be a potent agent for renal cancer treatment. Further studies are needed to validate the therapeutic potential of Eupatilin in renal cancer in vivo, and its effects on renal cancer should be assessed in clinical practice.
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